Summary Sublines from the small cell lung cancer (SCLC) cell lines U1285 and U1690, denoted U1285-100, U1285-250, U1690-40 and U1690-150, were adapted to grow in the continuous presence of 100, 250, 40 and 150 ng ml-' doxorubicin (Dox), respectively. The Dox resistance was accompanied by cross-resistance to vincristine (Vcr), Vp-16 and for U1285-100 also to cisplatinum. Sublines of U1690-40 and U1285-100, cultured in absence of Dox for 4 months were only partially reversed with respect to Dox resistance. Neither the parental nor the most Dox resistance sublines had detectable levels of mdr RNA but a small fraction of cells in all cell lines stained weakly positive for P-glycoprotein (P-gp). Verapamil (Ver) at 5 gsM reversed the Dox resistance completely and partly in the U1690 and U1285 sublines, respectively, but did not increase the cellular accumulation of Dox. The cytoplasmic free Ca2" concentration (Ca2+i) was close to 100 nm in both parental cell lines but elevated in the U1285-100 and U1690-40 sublines by 21 and 44%, respectively, and in U1285-250 and U1690-150 by 51 and 91%, respectively. The partly reverted sublines still showed significant but smaller elevations in Ca2+i of 10-30%. Ver was without acute or long term effects of Ca2+i in the U1285-100 and U1690-40 sublines. Selection for Dox resistance in SCLC may thus result in atypical multidrug-resistance characterised by absence of P-gp overexpression and atypical cross-resistance. Although Ver did not seem to affect Dox accumulation it may still work as a resistance modulator. There may be a role for increased Ca2+i in drug resistance in SCLC cells, but resistance reversal by Ver seems unrelated also to changes in Ca2+i.
Acquired cytotoxic drug resistance is often extended also to drugs not included in the treatment regimen and the most consistent finding in vitro in such multidrug-resistance (MDR) is resistance to anthracyclines, vinca alkaloids and epipodophyllotoxins with a decreased drug accumulation compared to the sensistive cells (Beck, 1987; Bradley et al., 1988) . In vivo (Goldstein et al., 1989) as well as in vitro (Beck, 1987; Bradley et al., 1988 ) the MDR phenotype is often characterised by expression of the 170 kDa membrane P-glycoprotein (P-gp) encoded by the mdr gene (Ueda et al., 1987) . Several lines of evidence indicate that this protein mediates an energy dependent extrusion of various cytotoxic drugs (Beck, 1987; Bradley et al., 1988; Horio et al., 1988) .
Several well known pharmacological agents have been shown to reverse MDR in vitro (Ford & Hait, 1990) . One of the most studied of these resistance modulators is the calcium channel blocker verapamil (Ver), which modulates acquired as well as intrinsic drug resistance of various cell types (Simpson, 1985) . The mechanism for resistance reversal by Ver is still not completely understood although it has been found that Ver may compete with cytotoxic drugs for binding to the P-gp, resulting in a decrease in drug efflux and thus enhanced cytotoxicity (Safa et al., 1987; Yusa & Tsuruo, 1989) .
Transmembrane transport as well as many other cell functions are known to be regulated by intracellular signals such as, e.g. changes in the cytoplasmic free Ca2l concentration (Ca2+i; Rasmussen & Barrett, 1984) . Based on findings of increased calcium content of MDR cells (Tsuruo et al., 1984) and resistance reversal by the calcium channel blocker Ver, it has been speculated that Ca2+i may have role in cytotoxic drug resistance and that the sensitising effect of Ver could be due to a decrease in Ca2+i (Beck, 1987) .
In Immunohistochemical staining for P-gtycoprotein P-gp staining was performed using the monoclonal anti-P-gp antibody JSB-1 (Sanbio, Uden, The Netherlands; Scheper et al., 1988) with the technique described previously (Bergh et al., 1985b) . Frozen sections (4-6 tM) of human adrenal cortex and cytocentrifuge preparations of MDR L100 and K562/Vcr cells were used as positive controls whereas sensitive LO and K562 cells and preparations stained with the above technique, but without primary antibody served as negative controls. The specimens were incubated with the JSB-1 antibody diluted 1/30 in PBS for 60 min, followed by washing and application of a biotinylated rabbit-anti-mouse complex (Vector Laboratories Inc., Burlingame, CA) and then a avidin-biotinylated horseradish peroxidase complex (Vector Laboratories). The coverslips were then developed in 0.02% 3-amino-9 ethycarbazole supplemented with 0.002%
H202-
The specimens were counterstained with Mayer's hematoxylin, mounted and judged -, +, + + or + + + by light microscopy. In separate control experiments the monoclonal P-gp antibody C219 (Centocor, Malvern, PA; Kartner et al., 1985) was used instead of JSB-1.
Measurement ofmdrl RNA Measurement of mdrl mRNA was performed by hybridisation in solution as described (Durnam et al., 1983; Mathews et al., 1986; Steen et al., 1990) with K562 and K562/Vcr as controls. Nucleic acids extracts were prepared (Durnam et al., 1983) and aliquots were taken for determination of DNA content by Hoechst fluorometry (Labarca et al., 1980 (Steen et al., 1990 
Measurement of cellular doxorubicin accumulation
The parental and most resistant sublines were compared with respect to Dox accumulation in absence and presence of Ver. The cells were incubated at 37°C for 1 h at a density of 1.5 x 106cells ml-' in RPMI 1640 medium supplemented with 10% newborn calf serum (Gibco, Paisley, Scotland) and containing 1 tiM Dox and with or without 5 lM Ver. The incubation was stopped by mixing 1.5 ml of the incubate with 5 ml ice cold PBS. After two washes in ice cold PBS the cell pellets were kept in -20°C until analysis.
Cellular concentrations of Dox were determined by highperformance liquid chromatography as described (Baurin et al., 1978) . Briefly, after sonication of each cell pellet in 0.5 ml PBS a 0.2 ml aliquit was added to 0.2 ml 0.1 M borate buffer (pH 9.8) containing 1 gM daunorubicin as internal standard.
Extraction was made by addition of 1.8 ml chloroform/ methanol (4:1 by volume) after which the drugs were separated on a Lichosorb Si-60 column (Hibar; Merck, Darmstadt, Germany) and eluted with a mixture of chloroform, methanol, glacial acetic acid and 0.3 mM MgCl2 (720:210:40:30 by volume) at a flow rate of 1.5mlmin-'.
The drugs were then quantified by fluorometry at 480 and 560 nm for excitation and emission wavelengths, respectively.
The protein content in the dissolved cell pellets was determined by the method described by Lowry (Lowry et al., 1951) and the cellular accumulation of Dox is expressed as nmol Dox mg-' protein.
Measurement of the cytoplasmic free Ca" concentration Fluorometric measurements of Ca2"i were performed as described previously (Nygren et al., 1988 Calibration for calculation of Ca2"i was then performed as described (Nygren et al., 1988 phenotype in the revertant subline (Figure 1 ). In the U1285 series of cell lines there was no evidence for collateral sensitivity or cross-resistance to these modulators ( Figure 2 ).
Expression of P-glycoprotein
As expected adrenal cortex stained strongly positive for P-gp (Table II) (Figure 3b) . 
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UlZtb U1285-100 U1285-250 U1285-(100) Figure 5 Steady state Ca2+i of U1690 and U1285 cell lines and their resistant sublines. Ca2+i was measured fluorometrically using quin2 as described in Materials and methods. Mean ± s.e. for 7-17 experiments, each performed in duplicates. Haber et al., 1989; Baas et al., 1990) , presence of P-gp without increased drug efflux (Deffie et al., 1988) , absence of P-gp overexpression with (McGrath & Center, 1988; Haber et al., 1989; Reeve et al., 1990) or without drug accumulation defects and cytotoxic drug potentiation by Ver also in absence of P-gp (Nygren & Larsson, 1990a; Baas et al., 1990) and dissociated from changes in cytotoxic drug accumulation (Chang et al., 1989 ). An interesting feature of these atypical MDR cell lines is that most have been selected for resistance by exposure to increasing concentrations of Dox. For SCLC, typical MDR (Morgan et al., 1989 ) and atypical (Cole et al., 1989) drug resistant cell lines have been described, the latter showing the classical MDR crossresistance pattern, absence of P-gp overexpression, modest potentiation by calcium channel antagonists and lack of collateral sensitivity to resistance modulators. Also the resistant SCLC cell lines in the present investigation do no adhere to the typical MDR phenotype. The cells were resistant to Dox, Vcr and Vp-16, three drugs included in the typical MDR phenotype (Ford & Hait, 1990) but for U1285-100 also to Cisp. Furthermore, the Vcr resistance was similar (U1285 series) or considerably higher (U1690 series) than for the selecting agent, a feature which is less common (Bradley et al., 1988) .
There was also no evidence for P-gp overexpression in the resistant cells. This is probably not due to technical difficulties since the P-gp overexpression associated with the low grade (6-fold) Dox resistance of RPMI 8226/Dox6 myeloma cells (Dalton et al., 1989) was detected immunohistochemically (not shown) and we also found the LIOO, K562/Vcr and adrenal cortical cells to be positive. Furthermore, the findings were confirmed by Western immunoblotting using the monoclonal antibody C219 (not shown) and by the absence of mdrl RNA. The faint immunostaining in a minority of SCLC cells probably represents the background level of the method. However, more important than to discriminate between very low levels and complete absence of P-gp is that no signs of P-gp overexpression in the Dox selected sublines could be detected.
Ver reversal of cytotoxic drug resistance in classical MDR is considered to be mediated through increased cellular drug content, probably by inhibition of drug extrusion by P-gp (Ford & Hait, 1990) . Despite the absence of P-gp overexpression in the resistant SCLC cell lines the Dox resistance was completely or partly reversed by Ver. Furthermore, Ver was without effect on cellular Dox accumulation. Together the present findings confirm the recent reports cited above on 'atypical' MDR also for SCLC cells and implicate the presence of other mechanisms for MDR than only P-gp mediated drug extrusion and also for Ver induced circumvention of resistance.
Despite the SCLC origin of both the U1690 and U1285 cell lines and similar procedures for establishment of resistant sublines including the selecting drug Dox, some apparent differences in the resistance phenotypes could be noted. The Dox resistance was thus completely reversed by Ver in the U1690 but only partially in the U1285 sublines. The magnitude of Vcr resistance was considerably higher than for Dox in the U1690, but not in the U1285 sublines. U1690-40 and U1690-150 showed a tendency to collateral sensitivity for Ver and BSO which was not the case for U1285-100 and U1285-250. Furthermore, the revertant U1690-(40) and U1285-(100) sublines were only partially reversed with respect to Dox sensitivity, but essentially unaffected and more than completely reversed, respectively, with respect to Vcr sensitivity.
Together with the previous findings of classical (Morgan et al., 1989) as well as atypical (Cole et al., 1989) Based on the fact that Ca2"i is an important intracellular messenger regulating, e.g., cell growth, secretion and transport mechanisms (Rasmussen & Barrett, 1984) , the initial finding of increased Ca2" content of drug resistant compared to sensitive cells (Tsuruo et al., 1984) as well as resistance reversal by calcium channel antagonists and calmodulin inhibitors (Ford & Hait, 1990) , it has been speculated that Ca2"i may be of importance in drug resistance (Beck, 1987) . A possible relationship between Ca2" and drug resistance has also been indicated by the findings that Ca2+-ionophores tend to induce resistance (Huet & Robert, 1988; Nygren & Larsson, 1990b) whereas incubation under conditions known to decrease Ca2+i has the opposite effect (Huet & Robert, 1988) . However, other studies have failed to reveal a consistent relationship between drug resistance and Ca2lin pairs of sensitive and resistant cell lines (Nair et al., 1986; Vayuvegula et al., 1988) and in experiments in which Ca2"i was manipulated pharmacologically (Nygren & Larsson, 1990b) .
Furthermore, indirect and direct measurements of Ca2"i have failed to show any changes induced by Ver despite its cytotoxic drug potentiation (Huet & Robert, 1988; Nygren & Larsson, 1990a) .
In the SCLC cell lines included in the present study there was a fairly close correlation between the level of cytotoxic drug resitance and Ca2"i. The differences are probably not technical artifacts since the amount of extracellular quin2 was similar for all cell types and the intracellular heavy metal chelator TPEN (Arslan et al., 1985) revealed similar amounts of quenching metals in the different cell types. Although Dox had no effect on resting Ca2"i in neuroblastoma cells (Oakes et al., 1990) , prolonged Dox exposure have been found to lead to cellular Ca2+ accumulation (Keyes et al., 1987) and inhibition of Na+/Ca2+ exchange (Caroni et al., 1981) . One could therefore speculate that the elevated Ca2+i in the resistant SCLC cell lines is due to the direct effect of Dox exposure. However, the revertant cell lines still showed significantly elevated Ca21i, in parallel with at least some retention of drug resistance. Although previous studies are contradictory with respect to the role of Ca21i in drug resistance, the present findings indicate a possible causal relationship between Ca2+i and drug resistance in specific cell types and drug resistance phenotypes.
There was no acute change in Ca2'i after Ver addition in cells being sensitive to the potentiating effect of Ver, and long term incubation with the calcium channel blocker did not result in any further changes in Ca2'i. These findings corroborate similar findings in cells showing intrinsic (Nygren & Larsson, 1990a) and acquired (Huet & Roberts, 1988) drug resistance also in cells characterised by elevated Ca2+i. It is therefore concluded that although the exact role for Ca2+i in cytotoxic drug resistance remains to be elucidated, the potentiating effect of Ver on the effect of cytotoxic drugs is unrelated to changes in Ca21i. Since data now accumulate showing resistance modulation by Ver also in absence of P-gp overexpression and drug transport changes, altenative mechanisms for the Ver effect should be looked for.
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